Introduction
The topotactic reaction of transition-metal oxides with metal hydrides is utilized as a facile and efficient synthesis approach for novel or mixed-anion oxides. 1, 2 In this class of reaction, metal hydrides can act as either strong reducing reagents for removing oxide anions or incorporating hydride anions. Reactions with the former role yield transition-metal oxide phases with exceptionally low oxidization states (Ni + , Ru 2+ , Co + ), [3] [4] [5] [6] [7] unusual coordination networks (square-planar Fe 2+ ), 8 or both, while those with the latter allow the preparation of oxyhydrides 9-11 such as LaSrCoO 3 H 0.7 , BaTiO 3−x H x , and SrVO 2 H. Topotactic reactions can be performed at low reaction temperatures; for example, a typical reaction temperature during oxygen deintercalation or hydride ion incorporation is below 500°C, [3] [4] [5] [6] [7] [8] [9] [10] which is considerably lower than those of con- Results and discussion (Fig. 1a) , the peak from NdNiO 3 has completely disappeared; a new peak at 2θ ≈ 55.8°( d = 1.65 Å) has emerged, which corresponds to the 002 diffraction of infinite-layer NdNiO 2 . In RSM (Fig. 1c) , the NdNiO 2 103 peak is located just above that of STO 103, demonstrating that the epitaxial relationship between the film and the substrate is maintained during the chemical reaction with CaH 2 . However, the intensity of the NdNiO 2 002 diffraction is much weaker than that in the pattern of the precursor film. Furthermore, in the RSM image, the diffraction spot is significantly elongated along the q z direction. These changes suggest that NdNiO 2 exists as a very thin layer within the film.
To obtain further information on the crystal structure, we performed atomic-level HAADF-STEM imaging of the CaH 2 -treated film. Fig. 2a shows a large area (∼200 nm width) HAADF image of the CaH 2 -treated film, indicating almost no contrast. Since the brightness of HAADF images depends on the atomic number of the constituent elements, the lack of contrast indicates that neodymium and nickel are homogeneously distributed in the film with no cation segregation. Fig. 2b is a high-resolution image taken near a film/substrate interface. In the region near the substrate (Region ii), a rectangular lattice with (a, c) = (3.9 Å, 3.3 Å), representing c-axis oriented NdNiO 2 , is observed. The thickness of this region is approximately ten monolayers; this explains the weakness and breadth of the NdNiO 2 diffraction peak in Fig. 1 . Fig. 2b also indicates the presence of a thin interfacial layer measuring ∼0.5 nm in thickness (Region i). A similar interfacial layer was observed in infinite-layer Sr 0.9 La 0.1 CuO 2 thin films grown by molecular-beam epitaxy; 24 it was proposed to promote the growth of the infinite-layer phase. Meanwhile, the atomic arrangement in Region iii, located above Region ii and occupying most of the film, is completely Fig. 1 (a) XRD 2θ-θ patterns before (black) and after (red) the reaction with CaH 2 at 240°C. Reciprocal space maps (b) before and (c) after the reaction. different from that of NdNiO 2 : each atom in Region iii is imaged with a contrast brighter than that of nickel but darker than that of neodymium in Region ii. This suggests that the metals are randomly distributed in Region iii. The lattice image in Region iii can be understood by assuming a facecentered cubic (fcc) lattice viewed along the [110] direction, as depicted by the green and red points in the figure. From the Fourier transform of the HAADF image (inset in Fig. 2b) , the lattice constant is estimated as 5.5 Å. The observed atomic arrangement and lattice constant are near those of a fluoritestructured oxyhydride, NdHO 25 (a = 5.61 Å in pseudocubic notation). Therefore, we tentatively conclude that the reaction of NdNiO 3 with CaH 2 yields a fluorite-structured NdHO-related phase as a major component of the film; hereafter, this is called the fluorite phase. In order to determine the chemical composition of this NdHO-related fluorite film, we performed dynamic SIMS and EDS measurements. Fig. 3a shows a hydrogen depth profile measured by SIMS for the sample treated with CaH 2 at 240°C, clearly indicating that hydrogen is homogeneously distributed in the film. The hydrogen density is evaluated as ∼9 × 10 21 atoms per cm 3 (0.7 per formula unit, fu), although this has some uncertainty because hydrogen-implanted STO was used as a standard reference. The hydrogen density in the substrate was more than one order of magnitude smaller than that in the film. Fig. 3b plots the differential secondary-ion intensities of strontium, titanium, neodymium, nickel, and hydrogen. As observed, the hydrogen density abruptly drops at a position several nanometers shallower than the film-substrate interface. This indicates that hydrogen is mainly incorporated into the fluorite phase, rather than the infinite-layer NdNiO 2 . Fig. 3c compares the EDS spectra of the film before and after the reaction with CaH 2 . The nickel/neodymium ratio remains constant, whereas the intensity of the O Kα peak is suppressed by 20% after the reaction. Assuming that the peak intensity of each element is proportional to its concentration, the oxygen density is estimated as 2.3/fu. From these results, the chemical formula of the fluorite phase is estimated as NdNiO x H y with (x, y) ≈ (2.3, 0.7). The total anion (oxygen + hydrogen)/cation (neodymium + nickel) ratio is approximately 3/2, smaller than the ideal value of 2, which suggests that the obtained oxyhydride phase has a defect-fluorite structure.
Finally, we describe the selective synthesis of the oxyhydride phase via a solid-phase reaction with CaH 2 at higher temperature. Fig. 4a and b show the out-of-plane (χ = 90°) and asymmetric (χ = 35°) XRD patterns of the film prepared at 400°C. Notably, the former indicates no peaks assignable to the infinite-layer NdNiO 2 phase, whereas a clear peak from the fluorite oxyhydride phase is observed in the latter, demonstrating the formation of a phase-pure oxyhydride phase without infinite-layer NdNiO 2 . The peak at 2θ = 28°in revealed that this sample contained 6 × 10 21 cm −3 of hydrogen (0.5/fu), comparable to that of the sample prepared at the lower temperature of 240°C (0.7/fu). The EDS measurement confirmed that the neodymium and nickel contents in this film were invariant after the heat-treatment, while the oxygen content decreased from 2.3 (at 240°C) to 1.7 (at 400°C 3 , in which c-axis-orientated LaNiO 2 with better lattice matching transformed to a-axis-orientated LaNiO 2 with poorer lattice matching as the reaction time or temperature increased. 26 These results suggest that the crystal growth direction is determined by kinetics rather than by thermodynamics including epitaxial stabilization. One possible explanation is that the anisotropic diffusion of atoms promotes a specific arrangement of atoms with respect to the substrate lattice. Because the topotactic reaction on thin films mainly occurs from their surfaces, the atomic diffusion perpendicular to the film surface dominates the reaction. 27 The growth of (110) oriented NdNiO x H y , contrary to our expectation, may be the consequence of such perpendicular diffusion of the constituting atoms. Further studies on chemical transport properties such as anisotropic ionic conductivity may help to elucidate the detailed mechanisms.
Conclusions
We have investigated the soft chemical reaction of The incorporation of a large amount of hydrogen into the films suggests the potential of NdNiO x for hydrogen storage. Hydrogen storage using single crystals is not practical because of the small surface/volume ratio. However, they are useful for the observation of fundamental kinetics of diffusioncontrolled reactions.
